Diabetes aggravates the impact of elevated BP (blood pressure) on the microcirculation, and people of African ancestry with diabetes are more susceptible to microvascular damage than Europeans. In the present study, we investigated possible differences in the retinal microcirculation in people of European and African-Caribbean ethnicity with diabetes that might account for this. A total of 51 subjects with Type 2 diabetes (age 40-65 years; 25 male; 29 African-Caribbean) were studied. Clinic and 24 h ambulatory BP, and fasting glucose, insulin and lipids were measured. Digital retinal images were analysed using custom-written semi-automatic software to determine: LDR (length/diameter ratio) and AVR (arteriolar/venular diameter ratio), branching angles, vessel tortuosity and N T (number of terminal vessel branches). Arterioles were narrower in European people with diabetes than in African-Caribbean people with diabetes [mean (S.D.) arteriolar diameter, 76 (7) compared with 82 (11) μm respectively (P = 0.03); arteriolar LDR, 28.1 (8.5) compared with 23.7 (7.0) respectively (P = 0.046); and AVR, 0.66 (0.21) compared with 0.90 (0.36) respectively (P = 0.028)]. Ethnic differences in arteriolar LDR, arteriolar diameter and AVR were not explained by differences in BP, but were attenuated by adjustment for the duration of diabetes. There was no significant relationship between BP and arteriolar narrowing in the group as a whole, although the relationship between arteriolar LDR and systolic BP was stronger in Europeans than African-Caribbeans [β = 0.08 (0.07) compared with β = 0.03 (0.06); P = 0.03]. In conclusion, in the presence of diabetes, a relationship between BP and retinal arteriolar diameter was not evident and implies impaired small artery remodelling in the presence of diabetes. AfricanCaribbean people with diabetes have wider retinal arterioles and this could contribute to enhanced microvascular damage in this ethnic group.
INTRODUCTION
Microvascular disease is a common and important consequence of diabetes mellitus that affects many tissues, including the eye. Diabetic eye disease is the commonest complication of diabetes, and remains the main cause of blindness in people of working age [1] . BP (blood pressure) plays a particularly important role in diabetic retinopathy. Although classically the features of diabetic retinopathy are not identical with those of hypertensive retinopathy, there is considerable overlap [2] ; furthermore, elevated BP predicts the progression of diabetic retinopathy [1, 3, 4] . Finally, antihypertensive therapy markedly reduces the retinopathy risk to an even greater extent than good glycaemic control [5] .
The mechanism by which BP so strongly influences diabetic retinopathy is unclear. In hypertension, elevated BP results in widespread 'remodelling' of small arteries and arterioles [6] , a process that probably involves both functional and structural changes [7] . Remodelling contributes to the elevated peripheral vascular resistance that is a feature of established hypertension [8] , but may also protect the microvasculature downstream from the elevated systemic BP [9] . In the eye, microvascular 'remodelling' is manifest as a narrowing of retinal arteriolar diameters [10] [11] [12] and reduced arteriolar density or number [11, 13] . It has been suggested [4, 14] that concurrent diabetes mellitus may impair the ability of the resistance vasculature to protect downstream capillaries from the elevated BP in hypertension and could, therefore, at least in part, account for the well-recognized detrimental consequences of these 'bad companions' [15] .
Diabetes and hypertension are more common in people of African or African-Caribbean ancestry than those of European ancestry [16, 17] . Previous studies have also suggested that people of African or AfricanCaribbean ethnicity are more vulnerable than Europeans to retinopathy [18] [19] [20] [21] [22] [23] [24] and also suffer more microvascular disease in other tissues [25] [26] [27] . In the present study, we investigated whether retinal microvascular changes differed between people of European and AfricanCaribbean ethnicity with Type 2 diabetes, and explored the role of BP in these differences.
MATERIALS AND METHODS
At total of 22 European and 29 African-Caribbean men and women with diabetes, aged 40-65 years, were recruited from a sample of the general population stratified by age, gender and ethnicity drawn from a family practice register in North West London. The family practice register is probably the most accurate and comprehensive register of the general population in the U.K., and it is estimated that more than 97 % of the population is registered with a practitioner [15] . Ethnicity was confirmed with the participants' own self-assessment [25] .
All participants attended the clinic after an overnight fast, having refrained from smoking or caffeine consumption for at least 12 h, and completed a detailed questionnaire on demographic characteristics, past medical history, medication and lifestyle behaviours. Anthropometric measures (height, weight and waist/hip ratio) were collected according to a standard protocol [28] . Clinic BP was measured at the right brachial artery three times after 5 min of rest using an automated device (Omron 705CP) equipped with an appropriately sized cuff. Subjects were classified as hypertensive if their BP exceeded 135/85 mmHg or they had a previous diagnosis of hypertension and were taking antihypertensive medication. Antihypertensive agents used included ACEIs (angiotensin-converting enzyme inhibitors), ARBs (angiotensin II type 1 receptor blockers), β-blockers, thiazide diuretics and calcium channel blockers. Nineteen European and 18 African-Caribbean subjects also agreed to undergo 24 h ambulatory BP monitoring using a Duolter device (Novacor). Fasting blood samples were taken for glucose, insulin and lipid measurements [25] . Retinal photography was performed in all participants using a Zeiss FF 450 plus fundus camera with a 50
• field of view following mydriasis with tropicamide (1 %) eye drops. Subjects did not undergo retinal assessment using the gold standard seven-field stereo photography, but on the basis of the 50
• field of view none had proliferative retinopathy and the majority (53 % Europeans and 47 % African Caribbeans) had either no or mild non-proliferative retinopathy (P = 0.7 for difference between ethnic groups by χ 2 test). The study was carried out in accordance with the principles of the Declaration of Helsinki and was approved by the local research ethics committee of the Hammersmith Hospital. Informed written consent was obtained from all participants.
Retinal image analysis
Retinal images were digitized to a resolution 2800 × 2400 pixels using a LS100 slide scanner (Nikon). Digitized images were then reduced to 1818 × 1593 pixels using a Gaussian filter for subsequent analysis [29] . Analysis was performed on 'red-free' monochrome images by a single trained observer blinded to the subject identifiers. Vascular trees were segmented automatically using RISA (Retinal Image multiScale Analysis), a program written in MATLAB 5.5 (MathWorks). Some details of the program and reproducibility have been published elsewhere [29, 30] . After segmentation, trees were identified as arteriolar or venular by the operator and any defects in segmentation (such as vessel discontinuities) were corrected at this stage.
An example of a retinal image and the segmentation of a vascular tree is shown in Figure 1 . A number of parameters were used to assess the arteriolar and venular networks. Absolute arteriolar and venular diameter were estimated in micrometres using the calibration approach described by Hubbard et al. [31] . Diameters represent the mean of all diameters in the segmented trees, and measurements were not corrected for refraction; this has been reported to cause only minor errors in diameter estimates [12, 32] . To derive a measure of vessel narrowing that is applicable to both arterioles and venules and is unaffected by the refractive properties of the eye, the ratio of the length of a vessel segment between two branching points to its average diameter [LDR (length/diameter ratio)] [33, 34] was also calculated and the mean value derived. In addition, we estimated the AVR (arteriolar/venular diameter ratio), a widely used measure of arteriolar narrowing [12] , on the basis of the average diameters of the arterioles and venules. CRAE (central retinal artery equivalent) and CRVE (central retinal vein equivalent) were not calculated.
Values of AVR differ depending on the method used to calculate them (e.g. average diameter compared with CRAE/CRVE), but reductions in AVR correlate with BP irrespective of the method of calculation used [35, 36] . We also measured the vessel tortuosity as the ratio of the actual length of the vessel segment to the straightline distance between two connected branching points, N T (number of terminal vessel branches) as a measure of rarefaction [13] , and the branching angle (the angle between the two daughter vessels at a branching point), as this has been shown to be altered in hypertension [37] .
Reproducibility and validation of measures
Reproducibility was studied in ten individuals in whom segmentation and analysis were repeated by the same observer blinded to the subject identifiers. Data were analysed using the approaches advocated by Bland and Altman [38] and Lin [39] , and this showed the reproducibility of the various measures to be excellent ( Table 1 ). The validity of the measurements of diameter was assessed in a separate study by comparing the estimates from RISA with measurements of vessel diameter made using another validated tool based on the sliding linear regression filter technique [40] . These studies showed very close agreement between diameter measurements using different techniques [mean (S.D.) difference, 4.2 (4.8) μm; n = 19].
Statistical analysis and power calculation
Sample size estimates were based on previous results [13, 37] and unpublished work (M. E. Martinez-Perez and A. D. Hughes), and these calculations indicated that 22 subjects in both groups would be required to show a difference in arteriolar LDR of 5 units between ethnic groups with 90 % power and 5 % significance. This difference corresponded to approximately half that seen between normotensive and hypertensive individuals. Values are presented as mean (S.D.) or standardized β coefficients (S.E.). Statistical analyses were performed using Stata 9.2 (StataCorp LP). Statistical comparisons were made using a Student's t test or a Mann-Whitney non-parametric rank test for skewed data, and ANCOVA (analysis of covariance). All tests were two-tailed and P < 0.05 was considered statistically significant.
RESULTS

Comparison between ethnic groups
Mean age was similar in the two ethnic groups. BPs were higher in African-Caribbeans, but this difference did not reach statistical significance, and the proportion of people with hypertension or on antihypertensive medication was similar. Statistically significant differences were observed for serum fasting triacylglycerols (triglycerides), which were significantly higher in Europeans, and duration of diabetes, which was longer in African-Caribbeans ( Table 2) . Measures of arteriolar narrowing were significantly higher in Europeans than African-Caribbeans (i.e. mean arteriolar diameter was smaller, arteriolar LDR was higher and AVR was lower; Table 3 ). These differences were not affected by adjustment for SBP (systolic BP), fasting triacylglycerols or fasting glucose, but were attenuated by adjustment for the duration of diabetes (Table 4) . Bifurcation angles were narrower in African-Caribbeans, but other measures of the retinal microvasculature, including vessel segment lengths and vascular density, did not differ significantly by ethnicity.
Relationships between arteriolar narrowing, rarefaction and risk factors
No significant relationships were seen between SBP and measures of arteriolar narrowing in people with diabetes [β (S.E.) = 0.043 (0.064), P = 0.5 for mean arteriolar diameter; β (S.E.) = 0.036 (0.048), P = 0.5 for arteriolar LDR; and β (S.E.) = − 0.003 (0.002), P = 0.2 for AVR]. There was also no significant relationship between BP and arteriolar N T , a measure of microvascular density [β (S.E.) = − 0.013 (0.026), P = 0.6]. Taking account of possible effects of antihypertensive therapy by assigning maximum SBP rank to subjects receiving treatment did not alter these findings. The relationship between SBP and arteriolar LDR was significantly weaker in AfricanCaribbeans [β (S.E.) = 0.029 (0.060)] than Europeans [β (S.E.) = 0.080 (0.077), P = 0.028 for the comparison of the slope]. Arteriolar LDR was inversely related 
DISCUSSION
The results of the present study have shown that AfricanCaribbean people with Type 2 diabetes have wider retinal arterioles than Europeans. Previous studies in the U.K. and U.S.A. have reported increased prevalence of both hypertensive and diabetic retinopathy in people of African or African-Caribbean ethnicity compared with Europeans [18] [19] [20] [21] [22] [23] [24] . Several reasons for this have been suggested, including differences in BP, duration or onset of diabetes and glycaemic control. A previous large population-based study [41] also reported that an increased duration of diabetes was associated with arteriolar widening assessed using AVR, and more recent observations from MESA (Multi-Ethnic Study of Atherosclerosis) also showed significantly wider retinal arterioles in people with diabetes, despite high BPs [42] . Our present observations also indicate that differences in the duration of diabetes may at least partially explain ethnic differences in arteriolar narrowing in diabetes; however, although differences in arteriolar narrowing were no longer statistically significant after adjustment for the duration of diabetes, they remained substantial and we cannot exclude that other factors contribute to inter-ethnic differences in retinal arteriolar narrowing. We speculate that altered arteriolar remodelling in diabetes could be a contributory factor to ethnic differences in susceptibility to retinopathy. The association between elevated BP and arteriolar narrowing is well-recognized [43, 44] , and using identical methodology we have reported previously [13] that hypertension is associated with increased arteriolar narrowing and reduced arteriolar density in subjects of European origin without diabetes. Our findings therefore suggest that diabetes may affect the relationship between increased BP and arteriolar narrowing, and this suggestion is supported by other studies. An inverse relationship between the duration of diabetes and degree of arterial narrowing was observed in the present study. In the Cardiovascular Health Study, relationships between BP and generalized arteriolar narrowing were weaker in diabetic than non-diabetic individuals [45] . In addition, in a large population-based study of elderly individuals, Wang et al. [46] failed to observe a significant relationship between mean arterial pressure and quintiles of AVR in people with diabetes, although a strong relationship was evident in non-diabetic individuals in the same population. In our present study, a relationship between BP and arteriolar narrowing was not marked. This was particularly the case in African-Caribbean individuals, suggestive of an increased attenuation of the relationship in this ethnic group. In part this could relate to the longer duration of diabetes in these individuals, but adjustment for the duration of diabetes only partially attenuated differences between ethnic groups. This could imply that other mechanisms contribute, but it should be noted that our estimate of the duration of diabetes is an imprecise measure and is likely to underestimate the true duration of exposure to impaired glucose tolerance leaving the question unresolved. Our findings in diabetic people contrast with previous reports of increased retinal arteriolar narrowing independent of BP in African-Americans compared with White Americans in a population study excluding diabetic individuals [47] , and narrower retinal arterioles in African-Caribbean people in the U.K., although in that instance the greater narrowing may have been attributable to higher BPs [48] . In the latter study, it was also observed that diabetes modified the relationship between arteriolar narrowing and elevated BP. Recent observations from MESA in the U.S.A. showed wider adjusted central retinal artery equivalents in African-American participants compared with White American participants across categories of normoglycaemia, impaired fasting glucose and diabetes, although a statistical comparison of this difference between ethnic groups was not reported. Interestingly, in MESA there was attenuation of the trend for wider retinal arterioles with increasing dysglycaemia in AfricanAmericans compared with White Americans [42] .
Why diabetes might attenuate the relationship between retinal arteriolar narrowing and BP is uncertain. Other studies examining structural remodelling of subcutaneous resistance arteries in Type 2 diabetes in humans have also indicated that diabetes impairs eutrophic remodelling in hypertension [49, 50] . Numerous studies (reviewed in [4, 14] ) have also shown that diabetes is associated with reduced myogenic vasoconstriction in response to increases in BP and impaired autoregulation. Vasoconstriction causes active arteriolar narrowing, but it has also been proposed that prolonged vasoconstriction may result in structural remodelling [7] . Impairment of myogenic responses in diabetes could therefore account for attenuated structural remodelling in addition to reduced active vasoconstriction. In principle, impaired remodelling and reduced myogenic tone will result in increased transmission of systemic arterial pressure to the microvascular bed with consequential damage. Further studies on this question would be valuable in elucidating possible mechanisms by which diabetes and hypertension interact to accelerate microvascular damage.
The present study has a number of limitations. The number of individuals studied is relatively small and it, therefore, has limited statistical power for some analyses. The study is cross-sectional and, therefore, can only provide limited insight into mechanisms. The majority of participants were prescribed oral hypoglycaemic agents for their diabetes and many were also taking antihypertensive, lipid-lowering and antiplatelet therapy. As the use of these agents was generally similar in both ethnic groups, it is unlikely that this could explain interethnic differences, but we cannot exclude the possibility that treatment may have influenced other relationships between risk factors and retinal microvascular parameters. Another potential confounder could be differences in retinal pigmentation [51] , causing errors in diameter measurements. We believe the algorithm we have used is likely to be robust in the face of differences in retinal pigmentation, as it depends on both detection of curvature and edges [29, 30] . Moreover, if there was a problem detecting the vessel edge, one would also expect venular diameters to be wider in people of AfricanCaribbean ethnicity, which was not the case. Nevertheless, this question is difficult to settle with absolute certainty as there are no independent means of validating vessel diameter in different ethnic groups and appropriate modification of image brightness or contrast is not straightforward and could itself introduce bias. Any interethnic study of retinal vasculature is potentially subject to this criticism and currently there is no simple solution.
In summary, we have shown that African-Caribbean people with diabetes have relatively wider arterioles than Europeans with diabetes and that this difference is not fully accounted for by measured risk factors. In addition, the predicted relationship between higher BP and arteriolar narrowing appears to be attenuated in diabetes.
